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ABSTRACT

This study focused on factors affecting biological denitrification in wastewater treatment.
Denitrification is a process in which heterotrophic bacteria use nitrate as an electron
acceptor (in the absence of oxygen) and organic carbon as an electron donor (commonly
measured as chemical oxygen demand, or COD). The availability of sufficient COD is
commonly the limiting factor for denitrification at many wastewater plants, with some
plants having to purchase external carbon sources (such as acetic acid) to meet stringent
nitrogen limits. The objective of this study was to evaluate the effects of different
primary effluent characteristics (COD components), solid retention times (SRTs), and
temperatures on denitrification rates in a full scale system, including evaluation of
seasonal effects.
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In order to investigate seasonal variations, four seasonal sampling campaigns were
conducted (October 2010, January 2011, May 2011, and July 2011) at the Southside
Water Reclamation Plant (SWRP), which is a predenitrifying plant using the Modified
Ludzack Ettinger, or MLE process located in Albuquerque, New Mexico, USA. The
sampling events were conducted to measure the different COD and nitrogen components
of the primary influent and primary effluent of the plant to calibrate a BioWinTM (version
3.1, EnviroSim Associates Ltd.) model. It was determined that denitrification during the
warm season (May and July) were mostly similar to each other and different from the
sampling periods data during the cold season (October and January), in terms of COD
and nitrogen fractionation. However, the fluctuation of calculated BioWin fractions
between seasons suggested building a specific model for each season.

The components of COD included soluble, particulate, readily biodegradable, and slowly
biodegradable COD, and their effects on denitrification potential were evaluated in batch
experiments with sludge from the treatment plant to determine how these components
affected denitrification rates. It was found that denitrification rates are different during
the particulate COD oxidation compared to the non-particulate (glass fiber filtrate) COD
oxidation, while RBCOD and colloidal COD did not show a big difference in terms of
nitrate removal capacity.

Solids Residence Time (SRT) is a very important operational parameter in a full-scale
system and directly influences the effluent quality. Higher SRTs are associated with high
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bioreactor biomass concentrations, which can provide improved effluent quality, but
imposes higher solids loading rates on secondary clarifiers and potentially higher rates of
oxygen demand. The effects of different SRT values on the denitrification and solids
loading rates were investigated using BioWinTM simulator calibrated based on the COD
characterization work. It was determined that an SRT of approximately 7 days is the
optimum SRT for the plant in order to keep effluent nitrate and ammonia concentrations
below the permit levels, consume the minimum energy in the aeration tanks, provide
maximum methane production, and impose the minimum solids loading to the final
clarifiers.
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CHAPTER 1
ALBUQUERQUE MUNICIPAL WASTEWATER CHARACTERIZATION

1.1 Introduction and literature review

Influent wastewater characterization is useful for treatment plant operation and modeling,
which in turn can help plants meet their effluent limits and to protect water quality in
their associated receiving waters.

Municipal wastewater includes a wide range of substances, including dissolved and
particulate compounds. Dissolved constituents include organic compounds such as
proteins, and hydrocarbons; and inorganic compounds such as ammonia and phosphates,
as well as some soluble inert components such as minerals. Particulate (non-dissolved)
components are also present, including some biodegradable non-dissolved compounds
and some inert substances such as sand. These compounds are sometimes classified
according to their size and biodegradability, which has been found to be useful for
treatment plant modeling (Metcalf and Eddy, Inc., 2004).

This chapter provides background information including wastewater characterization, the
utility of doing this, and previous applications to plant modeling; presents the objectives
of the work described in this chapter; describes the methods used; and presents the results
from four 2-week sampling campaigns conducted to characterized raw and primary
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effluent wastewater at the city of Albuquerque Southside Water Reclamation Plant
(SWRP).

In a typical wastewater treatment process, raw wastewater, containing dissolved and
particulate pollutants, is passed through bar racks (to remove very large material), grit
chambers (to remove large particulates such as sand by sedimentation), primary clarifiers
(to remove smaller particulates by sedimentation) and finally secondary (biological)
treatment (to remove remaining particulate and dissolved components) (Metcalf and
Eddy, Inc., 2004).

Particulate organic material is considered to be more slowly biodegradable than dissolved
organics, as it is considered that bacteria must first hydrolyze such material prior to
ingestion, whereas many dissolved (“soluble”) organic molecules can be directly taken up
by bacteria (Water Environment Research Foundation, 2003). In addition to the
particulate and soluble components of COD, a colloidal component has also been
suggested (Mamais, et al., 1993). An empirical definition of these components has been
applied:
o substances removed by filtration through a 1.2 μm glass fiber filter are defined as
“particulate”;
o substances passing through a 1.2 μm glass fiber filter but not passing through 0.45
μm filter pores are defined as “colloidal matter” and
o substances passing through a 0.45 μm filter pore is considered as “soluble”
(Mamais, et al., 1993)

2

1.1.1 Carbon source

As far as there are many different kinds of biodegradable organic compounds in domestic
wastewater these compounds are commonly expressed using the bulk measurements
chemical or biochemical oxygen demand (COD or BOD, respectively). These
measurements are based on the oxygen consumed during oxidation, and so they give an
indication of the capacity of a wastewater to donate electrons for energy production and
cell synthesis. COD measurements are based on chemical oxidation, while BOD
measurements are based on microbial oxidation.

There have been several suggested approaches to subdividing wastewater COD into
different components. Total COD can be divided according to biodegradability
characteristics, including Readily Biodegradable COD (RBCOD), Slowly Biodegradable
COD (SBCOD), and unbiodegradable COD (Inert COD) (Ekama, et al., 1986). COD has
also been segregated particulate and soluble COD fractions (Ekama, et al., 1986),
depending on passage through a filter (discussed below), and (Mamais, et al., 1993)
suggested the third category of colloidal COD. Methods for measuring these fractions are
discussed below.

RBCOD includes soluble organic compounds that are most rapidly biodegraded by
microorganisms, such as acetate (CH3COO-) and propionate (CH3CH2COO-), which are
volatile fatty acids (VFAs). SBCOD consists of larger biodegradable molecules and
particles, including colloidal and particulate matters, which are thought to require
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hydrolysis before they enter cellular metabolism. Lastly, Inert COD includes
unbiodegradable soluble and particulate organic material. (Grady, et al., 1999)

(Henze, et al., 2000) suggests that there are four wastewater COD components, namely:
readily biodegradable organic substrate (Ss), soluble inert organic matter (Si), slowly
biodegradable substrate (Xs), and particulate inert organic matter (Xi). Ekama, et al., 1986
suggested similar fractionation of influent wastewater COD: “readily (soluble) and
slowly (particulate) biodegradable, and soluble and particulate unbiodegradable.”

Soluble COD measurements are affected by the filter type used for sample filtration
before COD measurement (Water Environment Research Foundation, 2003). For
example, whether a glass fiber filter with a nominal pore sizes of 1.2 – 1.5 μm or a micro
filter with pore sizes of 0.45 μm had a strong effect on the measured soluble COD [Table
1-1].

Table 1-1, COD of unfiltered, glass fiber (GF) filtered, and 0.45 um (MF) filtered raw
municipal influent wastewater (all as mg COD/L), (Water Environment Research
Foundation, 2003)

According to Water Environment Research Foundation, 2003, the difference between the
glass fiber filter and 0.45 µm filter SCOD values in Table 1-1 was due to colloidal matter
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that passed through the GF filters but not the MF filters. This report also suggested that,
unlike particulate COD colloidal COD tends to adsorb to the activated sludge biomass.
Therefore it suggested a more detailed COD fractionation, which includes colloidal COD,
as well.

Table 1-2 shows a detailed COD fractionation that was used in the present study. As far
as VFAs constitute an important part of RBCOD, it is divided into VFAs and non-VFA
components. SBCOD is separated into particulate and colloidal fractions and
unbiodegradable COD includes particulate and soluble inert constituents.

Total COD in the influent or primary effluent
Readily Biodegradable COD
(RBCOD) (Ss)
Non-VFA

Volatile Fatty Acids
(VFAs)

Slowly Biodegradable COD
(SBCOD)
Colloidal
biodegradable
(Scol)

Particulate
biodegradable
(Xs)

Unbiodegradable
(Inert) COD
Soluble
inert
(Si)

Particulate
inert
(Xi)

Table 1-2, COD fractionation

There have been many proposed methods to measure the different COD fractions (Table
1-3). RBCOD (Ss) is measured with various methods, usually according to the bacterial
activity rates while using RBCOD as a carbon-source, or by its special physical-chemical
properties. Slowly biodegradable Colloidal COD (Scol) is usually a calculated number
using mass balance. Slowly biodegradable particulate COD (Xs) is generally measured by
the difference between oxygen uptake rates during a batch test, or it can be calculated via
subtracting the particulate inert COD (Xi) from the total particulate COD (Xs + Xi).
5

While, the total particulate COD is the difference between total COD (Ss + Scol + Xs + Si
+ Xi) and soluble (GF) COD (Ss + Scol + Si). Soluble inert COD (Si) is generally
determined based on measurements of soluble COD remaining after degradation of a
sample in a batch test or a full-scale system by an activated sludge source. Particulate
inert COD (Xi) is mostly calculated based on the VSS/TSS ratio. In case of direct
measurement of the slowly biodegradable particulate COD (Xs), the particulate inert
COD (Xi) can be calculated by knowing the total particulate COD (Xs + Xi).
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Component

Readily biodegradable
COD (RBCOD)
(Ss)

Slowly biodegradable
colloidal (Scol)
Slowly biodegradable
particulate
(Xs)

soluble inert COD
(Si)

particulate inert COD
(Xi)

Method

Reference

1. Dynamic continuous OUR

(Ekama, et al., 1977)

2. Aerobic batch reactor method

(Ekama, et al., 1986)

3. Anoxic batch reactor method

(Ekama, et al., 1986)

4. Flow-through activated sludge
system method

(Ekama, et al., 1986)

5. Ultra Filtration Method

(Ekama, et al., 1986)

6. Continuous OUR method

(Sollfrank, et al., 1991)

7. Batch OUR, NUR

(Kristensen, et al., 1992)

8. Batch OUR

(Kappeler, et al., 1992)

9. Flocculation/Filtration method

(Mamais, et al., 1993)

Calculation from mass balance
Dynamic continuous OUR

(Ekama, et al., 1986)

Batch OUR

(Kappeler, et al., 1992)

1. Batch method

(Chudoba, 1985)

2. Continuous method

(Ekama, et al., 1986)

3. Batch method

(Henze, et al., 1987)

4. Batch method

(Boero, et al., 1991)

5. Batch/continuous

(Germirli, et al., 1991)

6. Batch/continuous

(Sollfrank, et al., 1992)

7. Batch method

(Lesouef, et al., 1992)

1. Continuous + model
Calculation method
2. Calibrated with sludge
production

(Ekama, et al., 1986)
(Henze, et al., 1987)

3. Batch method

(Kappeler, et al., 1992)

4. Batch method

(Lesouef, et al., 1992)

Table 1-3, Summary of the literature review on different COD fractions measurement
methods
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1.1.2 Nutrient source

Other than organic substrates, which are carbon sources for heterotrophic bacteria, living
cells need nutrients in order to grow. The main nutrients are nitrogen and phosphorus.
The primary forms of nitrogen in raw wastewater are ammonia and organic nitrogen
(Metcalf and Eddy, Inc., 2004). The primary forms of phosphorus in raw wastewater are
orthophosphate, polyphosphate, and organic phosphate (Metcalf and Eddy, Inc., 2004).
These nutrients need to be removed from the wastewater to prevent from algal blooms
(eutrophication) downstream. Characterizing the influent based on the nutrient
fractionation is another essential task in the wastewater characterization.

The nitrogen compounds are shown in Table 1-4, fractionated into soluble and particulate
fractions, and into biodegradable and inert fractions (Water Environment Research
Foundation, 2003).

Total N in the influent or primary effluent

Snb
(Soluble
biodegradable)

Xnb
(particulate
biodegradable)

Inert TKN
Sni
(Soluble
inert)

Xni
Particulate
inert)

Table 1-4, Nitrogen fractionation
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NO2-

Biodegradable TKN (Nob)

NH3, NH4+

Total TKN

NO3-

Inorganically
bound
nitrogen

Organically bound nitrogen

Nitrogen components in the influent or primary effluent wastewater are either organically
or inorganically bounded. (Metcalf and Eddy, Inc., 2004) Inorganically bound nitrogen
(aka. Inorganic nitrogen) includes ammonia, nitrate, nitrite, and nitrogen (g) existing in
the wastewater stream. Other forms of nitrogen are all categorized under organically
bound nitrogen (aka. Organic nitrogen). Total Kjeldahl Nitrogen (TKN) is a method
using for organic nitrogen measurement, except that ammonia is not separated during the
process. Therefore, TKN consists of organic nitrogen plus free and saline ammonia
(Metcalf and Eddy, Inc., 2004). Similar to COD fractions, TKN is also divided into
biodegradable and inert parts (soluble or particulate) (Water Environment Research
Foundation, 2003).

Table 1-5 indicates some typical municipal wastewater COD, nitrogen and phosphorus
compound concentrations and their fractionations (Water Environment Research
Foundation, 2003).
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Table 1-5, typical municipal wastewater characteristic parameter values, (Water
Environment Research Foundation, 2003)
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1.1.3 Model calibration

In the past three decades it was tried to build different models to predict the biomass
behavior in the activated sludge processes, clarifiers’ performance, optimum operational
parameters through primary, secondary, and tertiary wastewater treatment processes, and
lastly the effluent quality of a treatment plant. Activated Sludge Models number 1, 2, and
3 (Gujer, et al., 1991) (Henze, et al., 1999) (Gujer, et al., 1999) that are based on the
kinetics of the biomass were developed to predict the sludge behavior, as well as the
model clarifiers to predict the settling performance of the primary and secondary
clarifiers.

The major benefit of a calibrated model is allowing the treatment plant operators to run
the system with the optimum operational parameters such as the recycling and aeration
pumping rates in various seasonal weather conditions and different influent wastewater
qualities. It also let them to run the system with the minimum energy consumption, while
keeping the effluent contaminant levels below the maximum permit levels. Additionally,
in case of failure in some units through the treatment train, a model helps the engineers to
predict the consequences and operate the system with its highest efficiency to remove the
contaminants.

In the present study a BioWinTM (version 3.1, EnviroSim Associates Ltd.) model
calibration that was previously built for the city of Albuquerque Southside Water
Reclamation Plant (SWRP) was used to be calibrated. As it was discussed thoroughly in
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the previous sections, a key effort to calibrate a model is to characterize the primary
effluent (or primary influent in case of including the primary clarifiers in the model)
quality in a wastewater treatment plant (Water Environment Research Foundation, 2003).

The objective of this chapter was to characterize the different primary influent and
effluent COD and nitrogen components for the city of Albuquerque’s Southside Water
Reclamation Plant (SWRP). Furthermore, the data was be used to calibrate the BioWinTM
model built for the plant.
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1.2 Materials and Methods

Four sets of approximately 14 day sampling periods were conducted at the SWRP to
characterize plant influent. These periods were as follows:

1. October 12th – October 25, 2010
2. January 20th – February 2, 2011
3. May 5th – May 17, 2011
4. July 12th – July 25, 2011

The first period (October 18th – October 25th, 2010) included 8 days of data, while the
other three periods included 14 days of data, except for the third period (May 5th – May
17, 2011), which included 13 days of data. All samples were collected as composites over
a 24-hour period with a refrigerated auto-sampler.

1.2.1 COD fractions

Because a goal of the wastewater characterization study was to obtain data to be used for
calibration of the Albuquerque wastewater treatment plant’s BioWinTM model, a COD and
N fractionation methodology recommended by BioWin was mainly used (EnviroSim
Associates Ltd.) (Figure 1-1).
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Figure 1-1, Schematic representation of COD components for municipal wastewater,
(Water Environment Research Foundation, 2003)

A physiochemical method to differentiate the COD fractions was applied, as described in
Mamais, et al., 1993. This method differentiates COD fractions based on size and
biodegradability, including filtration and flocculation steps.

Figure 1-2 illustrates a schematic configuration of the Albuquerque wastewater treatment
plant (SWRP) and table 1-6 describes the sampling points through the treatment process.
All COD fractionation analysis was applied to samples from the primary influent (PI),
primary effluent (PE), and secondary effluent (SE).
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Primary Influent
(PI)
NRCY
Secondary Effluent
(SE)

Primary
Clarifiers

Primary Effluent
(PE)

Anoxic
Bioreactors

Aerobic
Bioreactors

Secondary
Clarifiers

RAS

WAS

Figure 1-2, Albuquerque wastewater treatment plant (SWRP) configuration and sampling points

Sampling point

Description

Analysis

PI

primary influent

COD, VFAs, TKN, NH4, NO3, NO2

PE

primary effluent

COD, VFAs, TKN, NH4, NO3, NO2

SE

secondary effluent

COD, VFAs, TKN, NH4, NO3, NO2

Table 1-6, SWRP sampling locations
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Dewatering
Digestion

Total COD (tCOD) was measured by COD Digestion Reagent Vials (3 - 150 mgCOD/L,
HACH Cat. number 2125815, HACH Company, Loveland, Colorado) using Method
8000, Oxygen Demand, Chemical, USEPA Reactor Digestion Method (Standard Method
5220 D) and DR2700 as the spectrometry instrument. This measurement included all
COD fractions measurements shown in Figure 1-1.

Total COD = Ss + Scol + Xs + Si + Xi

(Equation 1-1)

Soluble COD was determined by passing a sample though a glass fiber filter (VWR Glass
Microfiber Filter, 696, VWR North American Cat. No. 28333-139) and measuring the
COD of the filtrate, as described above (Figure 1-3).

Soluble COD = Ss + Scol + Si

(Equation 1-2)

Filtered flocculated COD (ffCOD) was determined by a flocculation followed by a
filtration process as suggested by Mamais, et al., 1993. Figure 1-3 illustrates the
flocculation filtration method. The flocculation step includes adding 1mL of zinc sulfate
(ZnSO4) to 100 mL of the sample and stirring vigorously for one minute following with
an approximate pH adjustment to 10.5 using 6 M sodium hydroxide (NaOH) and
allowing the solution to settle for a few minutes. The filtration step includes filtering the
supernatant of the flocculated sample with 0.45 pore size micro filters (Supor-450 47 mm
0.45 μm Membrane Filter, PALL Corporation). The use of the chemical flocculent with
filtration is intended to remove colloidal COD (Scol) (Mamais, et al., 1993).
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ffCOD of PI (or PE) = Ss + Si

(Equation 1-3)

ffCOD of SE = Si

(Equation 1-4)

Soluble COD

Figure 1-3, flocculation filtration test on the primary influent (or primary effluent), (Water
Environment Research Foundation, 2003)

The COD fractions relevant to modeling (particulate COD, RBCOD, and colloidal COD)
were then calculated based on these measurements. Figure 1-4 illustrates the COD
fractions that are measured directly with those that calculated based on the measured
ones.

-

Particulate COD = Xs + Xi = (Ss + Scol + Xs + Si + Xi) – (Ss + Scol + Si) = tCOD –
Soluble COD

(Equation 1-5)
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-

RBCOD = Ss = (Ss + Si) – Si = ffCOD of PI (or PE) – ffCOD of SE
(Equation 1-6)

-

Colloidal COD = Scol = (Ss + Scol + Si) – (Ss + Si) = Soluble COD – ffCOD of PI
(or PE)

(Equation 1-7)

GF filtrate COD
(measured)
Total COD
(measured)
Particulate COD
(calculated)

RBCOD
(Ss)
Inert COD
(Si)
Colloidal COD
(Scol)
Particulate
biodegradable
(Xs)
Particulate inert
(Xi)

Calculated
SE ffCOD
(measured)

PI (or PE)
ffCOD
(measured)

Calculated
Differentiated
based on
TSS/VSS data

Figure 1-4, measured and calculated COD components

In order to differentiate particulate biodegradable and particulate inert COD, an excel
sheet called “Influent Specifier”, which is used to estimate the BioWin fractions (to be
described in the model calibration section) was used.

Volatile Fatty Acids (VFAs) were measured just for the primary influent grab samples
provided by the plant, using Gas Chromatography (Schuler, et al., 2003).
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1.2.2 Nitrogen components

The main nitrogen components (NH4+, NO3-, and NO2-) were measured and calculated by
the SWRP Water Quality Lab for the primary influent, primary effluent, and secondary
effluent. The procedures used to measure these fractions were based on the standard
methods. (4500-NH3 Nitrogen (ammonia), 4500-NO3- Nitrogen (nitrate), 4500-NO2Nitrogen (nitrite), 4500-Norg Nitrogen (organic), Standard Methods for the Examination
of Water and Wastewater, 2005)

1.2.3 Solids

Total and Volatile Suspended Solids were also measured by the SWRP Water Quality
lab, using the standard methods, as well. (2540 D. Total Suspended Solids Dried at 103 –
105 ْC, 2540 E. Fixed and Volatile Solids Ignited at 550 ْC,Standard Methods for the
Examination of Water and Wastewater, 2005)

1.2.4 Statistical analysis

Statistical significant differences were determined by student t-tests, which were done
between different seasonal data sets for each COD fraction. The t-Test shows the
similarity probability between two data sets. It is assumed the data sets be two tailed with
unequal variances.
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1.2.5 Model calibration

The BioWinTM model that was calibrated in the present study was built previously by the
CDM Company. The plant configuration, different primary, secondary, and tertiary units
and dimensions, flow rates, etc. were built by the company. Some units through the
treatment train were constantly operating at same conditions and some of them are swing
zones, meaning they operate differently according to the various possible situations (for
example some of the activated sludge basins work aerobic or anoxic depending on the
ambient and influent wastewater conditions and the contaminant permit levels at the plant
effluent). In the present study it was assumed that in each train there were three anoxic
reactors (Anoxic 1, Anoxic 2, and Anoxic 3) following with two swing zones (Swing 1
and Swing 2) that operate in anoxic conditions, as well. The last three reactors (Oxic 1,
Oxic 2, and Oxic 3) were assumed to work aerobically at DO set points of 1 mg/L, 1
mg/L, and 2 mg/L, respectively. These assumptions were based on the already built
model and were close to the real conditions, to the most extent.

In addition, one train was simulated through the present model, representing all 12 trains
operating in parallel to each other. Therefore, it was assumed that all 12 trains were
operating. Figure 1-5 illustrates the SWRP BioWinTM model appearance.
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Figure 1-5, SWRP BioWinTM model appearance
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BioWin has its special fractions acronyms. The BioWin influent fractions are shown in
figure 1-6. Items in the red box are COD and nitrogen fractions. The red values are the
ones that have been changed and are different from the BioWin default values.

Figure 1-6, BioWinTM influent wastewater fractions

The special BioWinTM fractionations were calculated with an excel sheet provided by
EnviroSim Associates Ltd., called “Influent Specifier”. The influent specifier balances
the wastewater characteristics data, which was measured and calculated during the
sampling events, to adjust the COD and nitrogen fractionations to some acceptable or
excellent point, based on the default values. Figures 1-7 and 1-8 illustrate the Influent
Specifier measurements inputs and COD fractions estimation sheets.
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Figure 1-7, an illustration of the Influent Specifier measurements input sheet

Figure 1-8, an illustration of Influent Specifier COD fractions estimation sheet
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1.3 Results and discussion

As noted, 4 sets of approximately 14 day sampling periods were conducted at the SWRP
to characterize plant influent.

Figure 1-9 shows the influent, recycled activated sludge (RAS), and waste activated
sludge (WAS) flows during the sampling periods. These flows are shown in figure 1-9.
The recycling stream coming out of the final clarifiers heading up to the bioreactors is
called RAS. A portion of the RAS that goes to the digesters and dewatering units is called
WAS. As it is shown in the figure, influent flow rates were somewhat higher in May and
June than in October and January, indicating increased water use during summer months.
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Figure 1-9, Influent flow and MLSS data
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The average mixed liquor suspended solids (MLSS, the TSS in the biological reactors,
sampled at the downstream end of the reactors) for each sampling period are listed in the
appendix and they are shown in Figure 1-10. MLSS is a measurement of the bacterial
(and other microorganisms) population in the biological reactors. The average over all
sampling events was 3550 mg/L ± 200 mg/L. There were little variation and no
significant difference between the averages for each sampling event. However, there are
big error bars associated with each data set, meaning the variances in MLSS during each
season were usually substantial, except for May.

Figure 1-11 shows the ambient temperature averages at the Albuquerque International
Airport (Sunport) during the sampling periods. Temperature data are taken from the
National Climate Data Center (http://www.ncdc.noaa.gov/oa/ncdc.html). Sunport is about
three miles away from the Southside Water Reclamation Plant (SWRP).

Table 1-7 is a summary of the important parameters averages during the four seasonal
sampling events with their associated standard deviations.
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Figure 1-10, mixed liquor suspended solids averages during sampling periods; the error bars in all figures present one standard deviation
(plus and minus).
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Figure 1-11, ambient temperature averages at the Albuquerque International Airport during the sampling periods
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May 2011

July 2011

Average

Standard
deviation

Average

Standard
deviation

Average

Standard
deviation

Average

Standard
deviation

8.5
20.0
195441
3610
6.05

2.2
3.0
2619
1925
1.93

-4.9
7.8
183054
3583
5.61

5.2
7.2
2412
1371
1.33

9.4
26.2
207807
3348
15.04

2.7
3.3
2719
495
7.77

20.9
34.6
216880
3720
4.09

2.0
1.6
4625
1024
2.34

Primary Influent
(PI)

January 2011

695
198
497
99
77
691.0
28.5

200
20
205
4
19
405
2

616
227
389
110
79
464.4
30.9

111
34
123
25
40
389
3

836
167
669
95
45
591.3
30.8

245
18
248
16
12
287
3

564
127
437
71
43
438.9
26.3

61
12
57
8
10
470
3

Secondary
Primary Effluent
Effluent
(PE)
(SE)

October 2010

398
191
207
104
66
161.8
31.7

19
12
18
9
12
64
1

389
193
197
102
51
133.7
31.7

43
33
25
18
19
59
2

313
143
170
89
26
103.5
28.6

38
13
28
8
11
16
2

297
126
171
82
30
132.2
26.9

40
21
32
18
10
28
2

22

5

39

12

28

4

14

7

NO3 (mgN/L)

10.2

2

3.9

1

11.0

3

10.36

2

NH4 (mgN/L)

0.093

0.025

0.329

0.240

0.166

0.127

0.229

0.187

Min daily temperature (ْC)
Max daily temperature (ْC)
Influent flow (m3/d)
MLSS (mg/L)
SRT (d)
Total (mg/L)
Soluble (mg/L)
Particulate (mg/L)
RBCOD (mg/L)
Colloidal (mg/L)
TSS (mg/L)
NH4 (mgN/L)
Total (mg/L)
Soluble (mg/L)
Particulate (mg/L)
RBCOD (mg/L)
Colloidal (mg/L)
TSS (mg/L)
NH4 (mgN/L)
Inert COD (mg/L)

Table 1-7, SWRP wastewater characteristics summary table during the four sampling events
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1.3.1 COD fractions

Figure 1-12 presents the average COD fractions during each sampling period. The total
and particulate COD data from PE (the primary effluent) was more consistent (it had
smaller standard deviations) than data from PI (the primary influent). Based on this
observation, the primary effluent data was selected for input to the BioWin model, which
also allowed the modeling effort to focus on the secondary treatment process without
modeling the primary treatment. Modeling details are discussed later in this chapter.

Most of the primary effluent COD fractions, as well as the total COD, were lower during
warm weather (May and July) than cold weather (October and January) (Figure 1-12).
Higher flows in the warmer months relative to colder months (Figure 1-9) could have
contributed to this trend by diluting wastewater; to check for this effect the mass flow
rates (mass loadings) were calculated for each sampling period (Figure 1-13). The
primary effluent tCOD loading was still approximately 10 percent lower in the warm
weather (May and July) than cold weather (October and January), indicating that the
change in concentration was not solely due to dilution effects. Similarly, the average
colloidal COD loading was higher in the cold weather (536 kg/h and 402 kg/h in October
and January, respectively) than in warm weather (228 kg/h and 275 kg/h in May and July,
respectively). Primary effluent soluble COD concentrations were approximately 40%
lower in the warm season than the cold season, while this difference was about 25% in
terms of COD mass loading (1556 kg/h and 1468 kg/h in October and January, and 1239
kg/h and 1136 kg/h in May and July, respectively). Primary effluent RBCOD
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concentrations were about 20% lower in the warm weather than the cold weather and its
mass loadings were around 10% lower during the cold weather (844 kg/h and 794 kg/h in
October and January, respectively) than the warm weather (771 kg/h and 737 kg/h in
May and July, respectively).

The chronological COD component concentration changes during the sampling periods
are presented in the appendix.
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Figure 1-12, Average concentrations of different COD fractions for primary influent (PI) and primary effluent (PE) during the sampling
periods
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Figure 1-13, Average mass loadings of different COD fractions for primary influent (TP 2.3) and primary effluent (TP 2.4) during the
sampling periods
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Table 1-8 presents the results of statistical comparisons (p values from student t-Test) of
the COD components from the four seasonal sampling campaigns. All of the average
primary effluent COD fractions in October were not significantly different from those in
January (p > 0.05), except for the soluble inert. Similarly, the average May and July
(warm weather sampling campaigns) primary effluent COD fractions were not
significantly different, except for the primary effluent soluble COD and the soluble inert
COD. The average values of the PE COD components in the warm months were all
significantly lower than those in the cold months (rows 2 through 5 in Table 1-8, Figure
1-12).

Soluble inert COD concentrations were always significantly different among the
sampling events.
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Total
COD
(mg/L)

Soluble
(GF) COD
(mg/L)

Particulate
COD
(mg/L)

Colloidal
COD
(mg/L)

RBCOD
(mg/L)

Total
COD
(mg/L)

Primary Influent (PI)

Soluble
(GF) COD
(mg/L)

Particulate
COD
(mg/L)

Colloidal
COD
(mg/L)

RBCOD
(mg/L)

Soluble inert
(mg/L)

Secondary
Effluent (SE)

Primary Effluent (PE)

1. Oct vs. Jan

0.329

0.019

0.202

0.903

0.386

0.902

0.887

0.765

0.060

0.927

0.005

2. Oct vs. May

0.168

0.003

0.103

0.001

0.353

0.000

0.000

0.002

0.000

0.003

0.012

3. Oct vs. July

0.109

0.000

0.439

0.001

0.000

0.000

0.000

0.003

0.000

0.001

0.005

4. Jan vs. May

0.009

0.000

0.002

0.008

0.183

0.000

0.000

0.003

0.000

0.012

0.026

5. Jan vs. July

0.138

0.000

0.200

0.005

0.000

0.000

0.000

0.006

0.001

0.003

0.001

6. May vs. July

0.002

0.000

0.006

0.622

0.000

0.285

0.016

0.935

0.316

0.179

0.000

Table 1-8, comparing of COD fractions values using student’s t-Test; p ≤ 0.05 (significant difference) are flagged with bold italic font and
underline
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Figure 1-14 illustrates the seasonal comparisons between the different COD components.
This figure shows the same data as the figure 1-12 in a different way, with the average
values of the four components of COD stacked vertically for each sampling campaign.
For the primary effluent, nearly all of the COD fractions were lower in the warm season
than the cold ones.

Figure 1-15 presents the same data as that shown in figures 1-12 and 1-14 in terms of the
percentages of the total COD (tCOD). Particulates comprised a larger fraction of the total
COD in the primary influent than the primary effluent, reflecting removal of particulates
by the primary clarifiers. Primary effluent (PE) particulate COD was 52% for October
and January, while it was slightly higher (54% and 57%) for May and July, respectively.
RBCOD was also slightly higher in the warm months than the cold months. Colloidal
COD fractions were higher in the cold months (17% and 13% for October and January,
respectively) than the warm months (8% and 10% for May and July, respectively).
Soluble inert COD did not follow a seasonal pattern, as it was 5% for October and 12%
for January, whereas it was 9% and 5% for May and July, respectively.

The last figure in appendix presents the error bars for each data set.
.
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Figure 1-14, Average primary influent (PI) and effluent (PE) COD components across four seasons sampling campaigns; the four
components shown sum to the total COD
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Figure 1-15, primary influent (PI) and effluent (PE) COD fractionations across four seasons sampling campaigns in terms of their
percentage of the total COD
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Table 1-9 presents the results of statistical comparisons (p values from student t-Test) of
the COD fractions as percentages of total COD from the four seasonal sampling
campaigns. A comparison of tables 1-8 and 1-9 suggests that there were more significant
differences between the warm weather and cold weather data sets (rows 2 to 5 in both
tables) when comparing the concentrations of the different COD components (table 1-8)
than when comparing these components as the fractions of the total COD (table 1-9).
This suggests that the absolute concentrations of the different COD components tended to
vary more than their concentrations relative to the total COD, which is the COD
fractionation.
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Soluble
(GF)
COD (%)

Particulate
COD (%)

Colloidal
COD (%)

RBCOD
(%)

Soluble
(GF)
COD (%)

Primary Influent (PI)

Particulate
COD (%)

Colloidal
COD (%)

RBCOD
(%)

Primary Effluent (PE)

Soluble inert
(% of PI
tCOD)

Soluble inert
(% of PE
tCOD)

Secondary Effluent (SE)

1. Oct vs. Jan

0.167

0.167

0.737

0.366

0.855

0.855

0.040

0.865

0.004

0.009

2. Oct vs. May

0.102

0.102

0.029

0.184

0.120

0.120

0.000

0.023

0.579

0.000

3. Oct vs. July

0.085

0.085

0.074

0.159

0.016

0.016

0.001

0.375

0.092

0.209

4. Jan vs. May

0.000

0.000

0.003

0.012

0.157

0.157

0.001

0.094

0.009

0.198

5. Jan vs. July

0.000

0.000

0.011

0.003

0.020

0.020

0.065

0.492

0.001

0.004

6. May vs. July

0.898

0.898

0.192

0.859

0.099

0.099

0.086

0.560

0.039

0.000

Table 1-9, Statistical comparison (Student’s t-test p values) of COD components, as fractions of tCOD, between the four sampling periods.
Values that are less than 0.05 (bold, underlined) indicate greater than 95% probability that data sets were significantly different. The last
two columns are the secondary effluent filtered COD (assumed to be the soluble inert fraction) as percentages of the PI tCOD and PE
tCOD.
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Figure 1-16 shows the primary influent acetate concentrations during the sampling
events, in terms of mgCOD/L. Acetate had its highest concentration in May (45
mgCOD/L) and its lowest concentration in January (25 mgCOD/L).

The comparisons between COD components concentrations during weekdays and
weekends are illustrated in figure 1-17.
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Figure 1-16, primary influent (PI) acetate concentrations during the sampling events

42

Figure 1-17, Average primary effluent weekends and weekdays COD concentrations
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1.3.2 Nitrogen components

Figure 1-18 illustrates the concentrations of nitrogen species during the four sampling
periods in the primary influent, primary effluent and secondary effluent. Influent nitrate
concentration is typically very low (Clifford, et al., 1992). Similar to the COD
concentrations, the primary influent and effluent ammonia concentrations were typically
higher in the cold seasons than the warm ones (with p < 0.05 for all comparisons of cold
and warm months for primary effluent ammonia (Table 1-10). However, this was not true
for the nitrogen loadings (Figure 1-19), which were calculated using the concentrations
shown in figures 1-18 and the flow rates shown in figure 1-9. This means that the lower
concentrations of primary influent and effluent ammonia in the warm season (May and
July) were because of the higher influent flow rates. The average primary effluent
ammonia concentration was about 32mgN/L for the cold seasons (October and January)
and it was 29mgN/L and 27mgN/L for May and July, respectively. While the primary
effluent ammonia mass loading was around 250 ± 10kgN/h for all four seasons. The
average primary effluent TKN concentrations were 41 ± 2 mgN/L and its mass loading
was around 342 ± 12 kgN/h for all seasons. This suggested that the COD/N loading ratio
varied among seasons, especially between the warm and cold seasons. The reason for that
was out of the scope of this research, however it could be because of different industrial
and residential wastewater flows among seasons. Data provided for the primary effluent
filtered TKN for July 2011were not correct, so there is no data for that in figures.
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The primary effluent ammonia concentration was relatively high (31.7mgN/L) while the
secondary effluent ammonia remained low in January, indicating that the colder weather
did not negatively affect nitrification, even with relatively high influent concentrations of
ammonia (Figure 1-18). Additionally, the relatively low secondary effluent nitrate values
in January indicate that denitrification rates were apparently higher in January than in the
other sampling periods. The average MLSS concentrations did not vary significantly
between seasons (Figure 1-10) and so it did not appear that variations in MLSS were
responsible for variations in nitrification/denitrification rates.
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Figure 1-18, Averages of different nitrogen species concentrations during the sampling periods
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Figure 1-19, Averages of different nitrogen species loadings during the sampling periods
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Table 1-10 includes the t-Test results for the different seasonal nitrogen data sets. The
primary effluent TKN was significantly different just between January and May, and
January and July. The secondary effluent filtered TKN was meaningfully different
between October and January, and October and July. The primary effluent ammonia
concentrations were significantly different among all sampling events, except for October
vs. January. While the secondary effluent ammonia concentrations were not significantly
different for October vs. May, January vs. July, and May vs. July. Secondary effluent
nitrate concentrations were significantly different for October vs. January, October vs.
July, and January vs. May. These seasonal differences did not show a meaningful trend
between seasons.
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TKN

TKN (filtered)

NH4+

Primary influent (PI)

TKN

TKN (filtered)

NH4+

Primary effluent (PE)

TKN (filtered)

NH4+

NO3-

Secondary effluent (SE)

1. Oct vs. Jan

0.782

0.848

0.206

0.317

0.003

0.987

0.000

0.003

0.000

2. Oct vs. May

0.032

0.560

0.223

0.259

0.162

0.001

0.163

0.065

0.452

3. Oct vs. July

0.951

0.378

0.220

0.147

-

0.000

0.000

0.026

0.993

4. Jan vs. May

0.000

0.002

0.922

0.004

0.000

0.002

0.429

0.037

0.000

5. Jan vs. July

0.393

0.000

0.000

0.001

-

0.000

0.914

0.180

0.000

6. May vs. July

0.000

0.000

0.000

0.303

-

0.053

0.440

0.402

0.391

Table 1-10, Statistical comparison (Student’s t-test p values) of nitrogen concentrations between the four sampling periods. Values that
are less than 0.05 (bold, underlined) indicate greater than 95% probability that data sets were significantly different.
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1.3.3 Model calibration

The manufacturers of BioWin recommend that the influent fractions be set using the tool
Influent Specifier.

The data from each sampling event were put into the BioWin Influent Specifier to
balance the BioWin COD and nitrogen fractions. Tables 1-11 and 1-12 show the influent
specifier results of each sampling campaign for the primary influent and effluent,
respectively.
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Name

Description

unit

default
value

Oct.
2010

Jan. May
2011 2011

Jul.
Averages
2011

Fbs

Readily biodegradable

gCOD/g of
tCOD

0.160

0.145

0.169 0.114

0.127

0.141

Fac

Acetate

gCOD/g of
RBCOD

0.150

0.431

0.243 0.477

0.510

0.393

Fxsp

Non-colloidal slowly
biodegradable

G COD/ g of
SBCOD

0.750

0.800

0.800 0.720

0.800

0.800

Fus

Unbiodegradable
soluble

gCOD/g of
tCOD

0.050

0.029

0.076 0.032

0.022

0.035

Fup

Unbiodegradable
particulate

gCOD/g of
tCOD

0.130

0.280

0.280 0.500

0.450

0.300

Fna

Ammonia

gNH3-N/gTKN

0.660

0.518

0.860 0.473

0.555

0.554

Fnox

Particulate organic
nitrogen

gN/g Organic N

0.500

0.500

0.500 0.500

0.500

0.500

Fnus

Soluble
Unbiodegradable TKN

gN/gTKN

0.020

0.020

0.020 0.020

0.020

0.020

FupN

N/COD ratio of
unbiodegradable part.
COD

gN/gCOD

0.035

0.035

0.035 0.035

0.035

0.035

Table 1-11, influent specifier results of BioWin fractions for the primary influent (PI)
during the four sampling events
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Name

Description

unit

default
value

Oct.
2010

Jan. May
2011 2011

Jul.
Averages
2011

Fbs

Readily biodegradable

gCOD/g of
tCOD

0.270

0.263

0.256 0.288

0.278

0.277

Fac

Acetate

gCOD/g of
RBCOD

0.150

0.414

0.241 0.506

0.442

0.389

Fxsp

Non-colloidal slowly
biodegradable

G COD/ g of
SBCOD

0.500

0.700

0.700 0.810

0.700

0.600

Fus

Unbiodegradable
soluble

gCOD/g of
tCOD

0.080

0.052

0.115 0.085

0.042

0.067

Fup

Unbiodegradable
particulate

gCOD/g of
tCOD

0.080

0.130

0.130 0.100

0.250

0.250

Fna

Ammonia

gNH3-N/gTKN

0.750

0.773

0.730 0.719

0.689

0.732

Fnox

Particulate organic
nitrogen

gN/g Organic N

0.250

0.500

0.500 0.500

0.500

0.500

Fnus

Soluble
Unbiodegradable TKN

gN/gTKN

0.020

0.020

0.020 0.020

0.020

0.020

FupN

N/COD ratio of
unbiodegradable part.
COD

gN/gCOD

0.035

0.035

0.035 0.035

0.035

0.035

Table 1-12, influent specifier results of BioWin fractions for the primary effluent (PE)
during the four sampling events

The default values shown in Tables 1-11 and 1-12 are the BioWin suggestions for each PI
or PE fraction. Primary effluent acetate was not measured during the sampling
campaigns. In order to get the Fac approximate results for primary effluent, it was
assumed that the acetate concentrations were same for primary influent and effluent
during sampling events.
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The BioWin fractions are different between the seasons for the primary influent or
primary effluent. As far as the BioWin simulator does not support a dynamic
fractionation, it is recommended to set a specific model for each season. A detailed
sensitivity analysis to investigate the impact of these differences on the predicted plant
performance would be useful in the future.

The average values are the results of separate influent specifier files for PI and PE using
the COD and N components average concentrations of all seasons as inputs to the
influent specifier. These averages were calculated to provide a uniform model for all
seasons.

It is important to note that in the BioWin Influent Specifier, the cBOD5 and filtered
cBOD5 measured values did not match with the Influent Specifier calculated values for
some seasons. The reason for this was probably some errors in the measurements, or
something wrong within the BioWin Influent Specifier. However, investigating more on
the reason of this is recommended.

Table 1-13 summarizes the previously CDM built calibration results of some important
effluent components versus the results of this study’s calibration with the average
fractionation values, which were determined using the BioWin influent specifier (Table
1-11).
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This study’s calibration
Concentration in
secondary effluent

CDM
calibration

NO3- (mgN/L)
NO2- (mgN/L)
NH4+ (mgN/L)
TKN (filtered) (mgN/L)
TN (mgN/L)
TSS (mg/L)
tCOD (mgCOD/L)

7.03
0.08
0.66
2.73
10.17
5.6
35.1

Oct.
2010

Jan.
2011

May
2011

Jul.
2011

Averages

7.12
0.08
0.66
2.87
10.37
5.3
23.3

8.48
0.07
0.67
2.60
11.47
5.3
49.0

11.00
0.07
0.69
2.96
14.38
6.3
26.6

9.97
0.07
0.68
2.86
13.23
6.0
20.7

8.27
0.07
0.67
2.85
11.5
5.4
26.8

Table 1-13, CDM calibration results vs. this study’s calibration results
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1.4 Conclusions

Based on data from the four approximately 2 week seasonal sampling campaigns
conducted over the course of a year on samples from the Albuquerque wastewater
treatment plant, there were seasonal differences in influent COD and nitrogen
components. Almost all of the primary effluent COD component concentrations, as well
as tCOD, were lower in the warm season, which was partially, but not entirely, due to
dilution from generally higher flow rates in the warm months. The primary effluent mass
loadings to the activated sludge process during warmer weather were lower than those in
colder weather. Similar trends were found for ammonia and nitrate concentrations, but
mass loadings of these constituents were nearly constant year-round. The primary
effluent ammonia mass loadings, as well as the primary influent acetate concentrations
did not follow special seasonal trend. The plant appeared to perform best with respect to
denitrification in winter, as indicated by relatively low secondary effluent nitrate
concentrations. Weekdays and weekends did not vary significantly in terms of the various
COD component concentrations. The special BioWin COD and N fractions varied
seasonally and it is recommended to use a different calibration for each season. Although,
the average values were calculated to provide a uniform model for all seasons, but it is
recommended to run sensitivity analysis, which might result into similar plant effluent
qualities by changing the BioWin fractions to the extent of the seasonal variations that
was explored through the present study.
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CHAPTER 2
IMPACT OF DIFFERENT PRIMARY EFFLUENT COD FRACTIONS ON
DENITRIFICATION RATES

2.1 Introduction and literature review

Nitrogen removal is commonly performed in wastewater treatment systems through the
combined processes of nitrification and denitrification. Nitrification is the process by
which ammonia, the dominant form of nitrogen in raw wastewater, is oxidized to nitrite
(NO2-) and then to nitrate (NO3-) by autotrophic (bacteria that use inorganic carbon
sources to grow) bacteria. Nitrification is a 2-step process in which ammonia and nitrite
serve as electron donors, with oxygen as an electron acceptor (Metcalf and Eddy, Inc.,
2004):

(1) NH4+ + 3/2 O2 (g) → NO2- + 2H+ + H2O
-

(2) NO2 + 1/2 O2 (g) → NO3

Nitrification

-

The first reaction above is performed by bacteria in the genus Nitrosomonas, and the
second reaction is by bacteria in the genus Nitrobacter and Nitrospira.

Denitrification is the process by which nitrate and nitrite are reduced to nitrogen gas (N2
(g))

by heterotrophic bacteria (Brown, et al., 2006).
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(3) NO3- → NO2- → NO → N2O → N2 (g)

Denitrifying bacteria reduce nitrite and nitrate under anoxic (absence of oxygen and
presence of nitrate/nitrite) conditions. As heterotrophs, they use organic carbon as their
carbon-source, which in wastewater treatment systems can be supplied in influent
wastewater, or external carbon sources such as acetate can be added (Brown, et al.,
2006). Denitrification is one of several nitrogen transformations occurring in wastewater
treatment plants designed for nitrogen removal (Figure 2-1).

Figure 2-1, Nitrogen transformation pathways in activated sludge bioreactors, PON, CON,
and DON are particulate, colloidal, and dissolved organic nitrogen, respectively; (Mekinia,
et al., 2009)

There are many different bioreactor configurations used for nitrification/denitrification
for wastewater treatment. For example, in a predenitrifying system (Modified Ludzack
Ettinger, or MLE), the primary effluent first goes into the anoxic basins, where
denitrifying bacteria use nitrate and nitrite as electron acceptors, with carbon-sources
present in the primary effluent acting as electron donors (Figure 2-2). In the aerobic
basins, nitrifying bacteria oxidize influent ammonia and produce nitrite and nitrate. An
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internal recycle flow stream (nitrate recycle, or NRCY) delivers the oxidized nitrogen
species back to the anoxic reactors for denitrification. The NRCY flow rate is typically 2
to 4 times of the influent flow rate (Metcalf and Eddy, Inc., 2004).
NRCY

RAS
WAS

Figure 2-2, post primary treatment process in a conventional predenitrifying wastewater
treatment system (MLE). Schematic from BioWinTM simulator

There has been considerable previous research on denitrification rates in wastewater
treatment systems, and a complete review is not possible here. The highlights of previous
work most relevant to the research in this study are described here. As mentioned in the
previous chapter, the total COD in a municipal influent wastewater can be divided into
several different components, including soluble (glass fiber filtrate) COD, particulate
COD, RBCOD, and colloidal COD (Table 1-2 and Figure 1-1). Previous studies have
investigated the impact of some of these components on denitrification rates.

Water Environment Research Foundation (2003) reported that denitrifying bacteria
consume readily biodegradable COD first, and then they consume slowly biodegradable
components. Bacteria are thought to hydrolyze larger substrates and particulates
(corresponding to slowly biodegradable COD) into smaller molecules before they are
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fully metabolized (Levine, et al., 1985). The 2003 WERF report suggested that
denitrification rates are higher when bacteria consume RBCOD than when they consume
SBCOD. In one experiment, the authors measured nitrate concentrations under anoxic
conditions in a batch test of denitrification with mixed liquor from a full scale activated
sludge system supplemented with municipal wastewater. The authors interpreted an
inflection point in the nitrate consumption profile ( at 1 hour 40 minutes in Figure 2-3) as
an indication that RBCOD had been completed, with further denitrification apparently
occurring at a slower rate due to SBCOD consumption.

Figure 2-3, nitrate profile in an anoxic batch test combining mixed liquor and municipal
wastewater, (□) the nitrate concentration observed in the experiment, (─) simulation of
anoxic batch test nitrate response; Methods For Wastewater Characterization In Activated
Sludge Modeling; (Water Environment Research Foundation, 2003)
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Solids retention time (SRT) (to be discussed in chapter 3) and food to microorganism
(F/M) ratio (the ratio of influent BOD or COD to the biomass in an activated sludge
system) have also been evaluated for their potential effects on denitrification.

Mekinia, et al., (2009) reported that removal of the colloidal and particulate COD
fractions by the flocculation/filtration method described in chapter 1 (Figure 1-3,
Mamais, et al., 1993) on municipal wastewater samples decreased the denitrification rates
in two separate sequential batch reactors (SBRs) that were passed through anaerobic,
anoxic, and aerobic conditions (Figure 2-4). This study showed that the batch reactor
containing soluble, particulate, and colloidal organic fractions had 25 to 30% higher
denitrification rates than the batch reactor with the colloidal and particulate COD
components removed. However, this study did not differentiate between the effects of the
colloidal and particulate fractions.

Figure 2-4, three-phase batch tests with Gdynia WWTP’s activated sludge: (a) with
addition of primary effluent wastewater, (b) with addition of flocculated and filtered
primary effluent wastewater; (Mekinia, et al., 2009)
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Drewnowski, et al., (2011) performed several seasonal batch tests with mixtures of mixed
liquor from the Wschod wastewater treatment plant’s (Gdansk, Poland) RAS line and
primary effluent wastewater (pretreated or not). The pretreatment process was again the
the flocculation/filteration method described in chapter one. Table 2-1 shows the nitrate
utilization rates (NURs), which is same as the denitrification rates batch tests conducted
over 3 seasons. NUR1 was associated with the RBCOD utilization (1st stage) and NUR2
was associated with SBCOD utilization (2nd stage).

Table 2-1, Nitrate utilization rates (NURs) of different seasonal batch test with a mixture of
mixed liquor and raw or pretreated primary effluent wastewater, NUR1 associates with the
RBCOD utilization and NUR2 associates with the SBCOD utilization, (Drewnowski, et al.,
2011)

The above mentioned study showed that the flocculation/filtration step reduced the
specific denitrification rates with a seasonal average of 24 and 14%, respectively, for the
NUR1 and NUR2, relative to settled wastewater, which is the same as primary effluent.

The studies described above assessed differences between the effects of total COD of and
the flocculated/filtered COD (which does not contain particulate or colloidal COD) on
denitrification rates. Almost all of them showed an inflection point associated with the
RBCOD utilization completion (Figure 2-3). However, there is lack of research focusing
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on the impact of colloidal COD itself on denitrification rates and the different
denitrification potentials of colloidal and particulate COD. Evidence for different
behavior of colloidal COD would include the existence of a second inflection point
associated with completion of colloidal COD utilization during nitrate removal in batch
tests of total COD, a filtered sample, and a filtered/flocculated sample (Figure 2-5).

Figure 2-5, Conceptual hypothesis diagram illustrating expected nitrate profile in an anoxic
batch test combining mixed liquor and municipal wastewater

The objective of the research described in this chapter was to evaluate the impact of
different COD fractions on denitrification rates in a bench scale system with a focus on
the colloidal COD, based on the COD method described in chapter 1 [Figures 1-1 and 13].

62

2.2 Materials and Methods

Batch tests
In order to investigate the different denitrification rates associated with various COD
components (particulate, colloidal, and RBCOD), denitrification rates were tested in four
parallel batch tests with following wastewater characteristics:


Batch test 1: total COD (containing particulate, colloidal, and RBCOD)



Batch test 2: soluble COD (glass fiber filtered) (containing colloidal and RBCOD)



Batch test 3: RBCOD (flocculated/filtered)



Batch test 4: secondary effluent (containing no biodegradable COD)

The batch tests were prepared conducted as follows:
1. Primary and secondary effluent and recycled activated sludge (RAS) samples
were collected in the morning of the test day (June 6th, 2011) from the
Albuquerque Southside Water Reclamation Plant (SWRP) and were refrigerated
during the wastewater preparation procedures.
2. Upon arrival at the laboratory, the primary effluent was separated into three
separate volumes for use in Batch Tests 1, 2, and 3.
3. Specifications of the four batch tests are listed in table 2-2. Batch test 1 utilized
the total COD, and so the primary effluent was not treated for this test. Batch test
2 consumed non-particulate COD, so the primary effluent was filtered via 1.2 µm
glass fiber filter. Batch test 3 utilized RBCOD, so the flocculation/filtration
method was done on the primary effluent sample in order to provide treated
wastewater for this batch (same as the COD preparation procedures described
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through materials and methods section in chapter one). Batch test 4 was assigned
as a control test with the same characteristics but without any biodegradable
COD. Therefore, secondary effluent sample was used for this batch without any
further treatment.

Batch
#

processed
wastewater
specification

Primary (or
secondary)
effluent
volume (L)

Primary (or
secondary)
effluent COD
(mg/L)

RAS
volume
(L)

RAS
TSS
(mg/L)

Time of
acetate
addition
(hours)

Acetate
content after
addition
(mgCOD/L)

1

primary
effluent

0.5

593

0.5

3400

0:40

10.67

2

soluble (GF
filtrate)
primary
effluent

0.5

300

0.5

3400

0:40

10.67

0.5

232

0.5

3400

0:40

10.67

0.5

19

0.5

3400

5:40

26.67

3

4

flocculated
filtered
primary
effluent
secondary
effluent

Table 2-2, Batch tests specifications; Primary effluent COD values are for the treated
primary effluent samples.

4. The four batch tests were run in parallel at room temperature. The mixed liquor
and activated sludge samples were separately bubbled with nitrogen gas using air
stone for 30 minutes prior to mixing. t = 0 was assigned to the moment that this
initial 30 minutes nitrogen stripping was done.
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5. At t = 15 minutes, the RAS and primary effluent samples were mixed in a 1L
flask (at t = 15 minutes) with continuous nitrogen stripping and mixing on a stir
plate. Figure 2-6 is a photograph of the setup.
6. At t = 30 minutes 40 mL of 1000 mg/L NO3--N of potassium nitrate (KNO3) was
added to all of the batches with 1L volumes to add a concentration of 40mg/L of
NO3--N to the mixtures. The whole test duration was about 8 hours.
7. Because of the gap between the mixing time and the first set of data points (25
minutes gap), considering the rapid biodegradability of RBCOD, acetate was
added to Batch Tests 1, 2, and 3 at t = 40 minutes to increase the RBCOD
concentration.. This was done to insure that RBCOD was present in sufficient
quantity to produce a measurable effect.
8. At = 5:40 acetate was added to Batch Test 4. As noted, this batch was a mixture
of secondary effluent and activated sludge used to determine the endogenous
decay rate of denitrifying bacteria in the absence of a biodegradable carbon
source. The endogenous decay rate was determined in the first 5 hours of the test
and after that acetate was added to further investigate the effect of acetate addition
on the denitrification rate.

Analytical methods
Nitrate and nitrite measurements were performed on an IONEXTM ion chromatography
(IC) instrument in the UNM Environmental Engineering Laboratory using an IonPac®
AS14 anion exchange column (Method 4110 B: Ion chromatography with chemical
supression of eluent conductivity, Standard Methods for the Examination of Water and
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Wastewater, 2005). COD and solids were measured in same ways as described in the
Chapter 1 Materials and Methods section.

Figure 2-6, Batch reactors at the UNM environmental laboratory

Figure 2-7 is a conceptual illustration of the expected results of the batch tests.
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Figure 2-7, Conceptual hypothesis diagram illustrating expected experimental results with
four batch tests, showing nitrate removal with total COD (Batch 1), glass fiber filtrate (nonparticulate) COD (Batch 2), filtered/flocculated COD (RBCOD) (Batch 3), and no
biodegradable COD (Batch 4)
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2.3 Results and discussion

As noted, 10 mL of 1000ppm acetate was added to the one L batch tests 1, 2, and 3 at t =
40 minutes, resulting in an added concentration of 10 mg/L of acetate (10.67 mgCOD/L).

The nitrate concentrations from the four denitrification batch tests are shown in figure 28. Batches 1, 2, and 3 likely yielded lower nitrate concentrations than Batch 4 because the
RAS and COD sources were mixed at t = 15 minutes, which allowed some denitrification
to occur before the t = 20 minute measurement in Batches 1, 2, and 3.

Batch test 4 consisted of activated sludge mixed with secondary effluent, which can be
assumed to not contain appreciable amount of biodegradable COD (Mamais, et al., 1993).
Changes in nitrate concentrations were therefore attributed to nitrate reduction for
endogenous decay (Metcalf and Eddy, Inc., 2004). For Batch Tests, 1, 2, and 3, there was
an initial high rate of nitrate consumption (from t = 40 min to t = 1:20), which was
assumed to correspond to consumption of RBCOD, including the added acetic acid. After
t = 1:20, which was the end of the first stage of the test with RBCOD utilization, Batch
Test 1 (with unfiltered primary effluent), which contained total COD, had the highest
denitrification rate (Figure 2-8). The next most rapid rate of denitrification occurred in
Batch Test 2 (filtered primary effluent), followed by Batch test 3 (filtered flocculated
primary effluent). The calculated rates of denitrification are shown in Table 2-3.
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Colloidal COD
associated difference
Particulate COD
associated difference

Figure 2-8, nitrate concentrations during batch tests
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1st stage
Initial DNR
mgN/(L.h)

Initial SDNR
mgN/(gTSS.h)

DNR after
1:20
mgN/(L.h)

SDNR after
1:20
mgN/(gTSS.h)

Difference
between 1st
and 2nd stage
DNR
mgN/(L.h)

raw primary
effluent

21.18

12.46

2.77

1.63

18.41

10.83

soluble (GF
filtrate)
primary
effluent

20.81

12.24

2.12

1.25

18.69

10.99

19.59

11.52

1.80

1.06

17.79

10.46

0.99

0.58

21.06

12.39

20.08

11.81

Batch
#

Batch test
description

1

2

3

4

2nd stage

flocculated
filtered
primary
effluent
secondary
effluent

Difference
between 1st
and 2nd stage
SDNR
mgN/(gTSS.h)

Table 2-3, denitrification rate (DNR), specific DNR (SDNR), and normalized DNR (NDNR) for different stages of batch tests
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The specific denitrification rate (SDNR) was calculated by dividing DNR by the
suspended solids (TSS) in each batch test sample (the RAS concentration divided by 2 to
account for dilution with primary or secondary effluent)

For Batch Tests 1, 2, and 3, the initial denitrification (21.18 mgN/(L.h), 20.81 mgN/(L.h),
and 19.59 mgN/(L.h), respectively) and specific denitrification rates (12.46
mgN/(gTSS.h), 12.24 mgN/(gTSS.h), and 11.52 mgN/(gTSS.h), respectively) were
nearly the same. Because the same amount of acetic acid was added to each test, and
because acetic acid is expected to be rapidly degraded as RBCOD, the similar initial
denitrification rates between the three batch tests were not surprising.

The initial stage (RBCOD utilization) nitrate removal rates were higher than the second
stage (SBCOD utilization), as it was previously reported by Water Environment Research
Foundation, (2003) and showed by (Clifford, et al., 1992) (Figure 2-3, Table 2-1).

After t = 1:20, when it appeared that RBCOD had been consumed, differences in the
denitrification rates in Batch Tests 1, 2, and 3 were observed. The highest rate occurred in
Batch Test 1 (untreated primary effluent), with an average specific rate of 1.63
mgN/(gTSS.h) over the next 6 hours (Table 2-3). It is recognized that nitrate
concentration did not decrease linearly with time, but linear regression was used to
calculate average rates for comparing the different batch tests. The specific rate was
almost near to what reported by Mekinia, et al., (2009), who measured 1.5 – 1.7 and 1.4 –
2.0 mgN/(gVSS.h) for two different sequential batch reactors with activated sludge and
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untreated primary effluent, which is equal to approximately 1.3 – 1.5 mgN/(gTSS.h) and
1.2 – 1.7 mgN/(gTSS.h), respectively, using a factor of 0.85 gVSS/gTSS (Metcalf and
Eddy, 2004).

The specific denitrification rates in Batch Tests 2 and 3, the soluble and
flocculated/filtered tests, were lower than Batch Test 1, with 1.25 mgN/(gTSS.h) and
1.06 mgN/(gTSS.h), respectively. The SDNR (and DNR) difference between Batches 1
and 2 is associated with the particulate COD and the SDNR (and DNR) difference
between Batches 2 and 3 is associated with the colloidal COD.

Mekinia, et al., (2009) reported 1.2 – 1.6 mgN/(gVSS.h) (1 – 1.4 mgN/(gTSS.h),
calculated with 0.85 factor) and 1.2 – 1.8 mgN/(gVSS.h) (1 – 1.5 mgN/(gTSS.h),
calculated with 0.85 factor) for two different sequential batch reactors fed with
filtered/flocculated primary effluent. Table 2-1 also shows the rates that were reported by
Drewnowski, et al., (2011). Table 2-4 indicates the SDNR results from this study,
Mekinia, et al., (2009), and Drewnowski, et al., (2011).
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Batch
#

processed
wastewater
specification

1

raw primary
effluent

2

3

4

soluble (GF
filtrate) primary
effluent
flocculated
filtered primary
effluent
secondary
effluent

1st stage SDNR mgN/(gTSS.h)
This
Drewnowski,
study
2011*
Winter: 3.1 - 4.3
12.46
Spring: 3.7 - 4.7
Summer: 3.9 - 4.3
12.24

11.52

2nd stage SDNR mgN/(gTSS.h)
This
Mekinia,
Drewnowski,
study
2009*
2011*
Winter: 1.1 - 1.2
1.3 - 1.5
1.63
Spring: 0.9 - 1.7
1.2 - 1.7
Summer: 1.4 - 1.5
1.25

Winter: 2.2 - 3.6
Spring: 2.9 - 3.1
Summer: 3.0 - 3.5

0.58

1.06

1 - 1.4
1 - 1.5

Winter: 0.8 - 0.9
Spring: 0.9 - 1.2
Summer: 1.3 - 1.4

12.39

* Units are converted from mgN/(gVSS.h) to mgN/(gTSS.h) by a 0.85 gVSS/gTSS factor

Table 2-4, comparing SDNRs resulted from the present study with the results of
(Drewnowski, et al., 2011) and (Mekinia, et al., 2009)

There was no second outstanding inflection point in figure 2-8 that might be associated
with colloidal or particulate COD utilization completion (Figures 2-5 and 2-7). While the
experiment did not provide clear evidence for differences between the usage of colloidal
and particulate COD by denitrifiers, as is the apparent case with RBCOD, it is still
possible that such a difference exists, but the transition from one to another was not clear
enough to produce a definitive inflection point.

The endogenous decay rate of denitrification (Batch 4) was 0.99 mgN/L.h (0.58
mgN/(gTSS.h)), while according to an equation in Metcalf and Eddy, Inc., (2004) for
calculating SDNR and applying the 0.85gVSS/gTSS factor, the endogenous
denitrification rate would be 1.03 mgN/(gTSS.h). At t = 5 hours 40 minutes, 20mL of
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1000 ppm acetate was added to Batch Test 4 (the secondary effluent test) batch to
determine the denitrification rate on acetate alone. Immediately after acetate addition,
denitrification rate for the fourth batch test (21.06 mgN/L.h) (12.39 mgN/(gTSS.h)) was
nearly the same as the primary stage denitrification rates for the other batches.

The endogenous decay denitrification rate was lower than the secondary stage DNR of
the Batch 3, which had been supposed to be the same as the endogenous DNR after
completion of the RBCOD (the inflection point). The reason for this was out of the scope
of this research; however, it could be because of some non-RBCOD biodegradable
carbon sources remaining after RBCOD completion, or even some specific RBCOD
components that did not run out after the inflection point. Another potential hypothesis
for this is that the inflection point happens not because of the RBCOD completion, but
because of something else happening in the batch reactors, such as some kind of chemical
or biological inhibition occurring at the point of inflection. Investigating on this is
suggested as a potential future work.

Figure 2-9 illustrates the denitrification rates for batches number 1, 2, and 3 based on the
data shown in figure 2-8. The individual data points indicate the denitrification rate at
that point, while the lines are 60 minute running average values extending plus or minus
30 minutes from each data point. This figure illustrates the instantaneous denitrification
rates were highest in Batch Test 1 and lowest in Batch Test 3, consistent with the
previous discussion.
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Figure2-9, Denitrification rates for the Batch Tests 1 through 4 (data points), calculated from the data shown in Figure 2-4; Lines are the
average rate over 60 minutes associated with each batch.
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Figure 2-10 presents the nitrite concentrations during the four batch tests. As it was
previously mentioned NO2- is simultaneously formed and degraded. There was
accumulation of 12 to 15 mg NO2-N/L for Batch Tests 1, 2, and 3. The reason for this
relatively high nitrite concentration was not clear (Mekinia, et al., (2009) showed a
maximum of 3 mg NO2- N/L in same conditions), and investigation of this was beyond
the scope of this research. Future work is suggested to investigate the nitrite production
rates.
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Figure 2-10, nitrite concentrations during batch tests

77

In an effort to evaluate the potential impact of different primary effluent characteristics
on effluent nitrate, the full scale data collected during the sampling campaigns described
in Chapter 1 from the Albuquerque’s SWRP is shown in figure 2-11. This shows the
primary effluent COD component concentrations versus the secondary effluent nitrate
concentrations measured on the same date. The COD components were calculated as
described in Chapter 1.

All four COD components, as well as the total COD, were negatively correlated with
effluent nitrate concentrations. The R2 values were low in each case (a maximum R2
value of 0.3018 for the soluble COD). However, it should be considered that each
regression line was based on data gathered across four seasons. While the R2 values were
low across all data sets, indicating poor correlations, there was a consistent negative
correlation between the influent COD concentrations and effluent nitrate concentrations.
Because the influent COD drives denitrification at the SWRP, this relationship is
consistent with theory.

Figure 2-12 shows the seasonal averages for the same data set, and illustrates that the
lowest effluent values occurred in the winter samples, which also had relatively high
influent COD values for all fractions. It is apparent that the winter values were the
primary drivers of the correlations illustrated in figure 2-11. As discussed in Chapter 1,
the reasons for the low effluent nitrate concentrations in the winter (with nearly normal
rates of nitrification) were somewhat unexpected due to lower winter temperatures. The
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data shown in figure 2-12 suggests that relatively high influent COD concentrations in
the winter may have aided denitrification, but why similarly high COD concentrations in
the fall did not produce similar results is not known. It seems probable that variations in
other plant operational factors, such as NRCY flow rates, played important roles in these
results.
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Figure 2-11, the correlation between the different primary effluent COD fractions concentrations and effluent nitrate
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▬ Fall 2010
▬ Winter 2011
▬ Spring 2011
▬ Summer 2011

□ tCOD
∆ Soluble COD
○ Particulate COD
◊ RBCOD
× Colloidal COD

Figure 2-12, the seasonal averages of different primary effluent COD fractions concentrations vs. effluent nitrate seasonal averages
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2-3 Conclusions

Four anoxic batch tests were conducted on activated sludge from the SWRP to study the
effects of different COD components on denitrification rates. These included raw primary
effluent with acetate addition, soluble primary effluent with acetate addition, flocculated
filtered primary effluent with acetate addition, and secondary effluent. The first three
batch tests produced similar high denitrification rates in the initial stage of the test, which
was likely due to RBCOD degradation. During the secondary stage, when the tests
depleted RBCOD, the raw primary effluent showed the highest nitrate removal following
by soluble and filtered flocculated primary effluent batches. The full scale system data
showed similar abilities of nitrate removal for different COD fractions. There was no
second inflection point associated with the colloidal or particulate COD hydrolysis
completion, and so the tests did not produce evidence that denitrifiers have a specific
preference for using colloidal or particulate COD components.
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CHAPTER 3
MODELING OF SOLIDS RETENTION TIME (SRT) IMPACTS ON NITRATE
REMOVAL AND ENERGY CONSUMPTION/PRODUCTION IN THE SOUTH
WATER RECLAMATION PLANT (SWRP)

3.1 Introduction and literature review

Nutrient removal and energy optimization are two critical issues in wastewater treatment
plants. Nitrogen removal is essential to prevent algal blooms in sensitive receiving
waters, as discussed in Chapter 2. Energy optimization is also a major concern, with
decreasing supplies of fossil fuels, increasing energy costs, and environmental concerns
such as greenhouse gas emissions. Optimizing wastewater treatment systems in terms of
both energy consumption and production (such as from anaerobic digestion) may
therefore provide important benefits in terms of cost savings and environmental
protection.

One of the main operational parameters in full-scale wastewater treatment system
efficiency is the Solids Retention Time (SRT), which indicates the “average period of
time of during which the sludge has remained in the system” (Metcalf and Eddy, Inc.,
2004). SRT is typically calculated as the mass of biosolids in a bioreactor system divided
by the rate at which these solids leave the system. For example, Equation 3-1 shows the
SRT calculation for an activated sludge system (Metcalf and Eddy, Inc., 2004).
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(Equation 3-1)

where, V is the total volume of the bioreactors, , Qeff is the effluent flow rate,
Qwas is the waste activated sludge flow rate (WAS) (Figure 2-2), and X, Xeff, and Xwas are
the total suspended solids in the bioreactor(s) (the MLSS), the secondary effluent, and the
waste stream, respectively. Typical SRT values for different treatment purposes and
processes are shown in table 1-3.
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A. Treatment goal

Minimum SRT range (d)

Removal of soluble BOD in domestic wastewater

1-2

Conversion of particulate organics in domestic wastewater

2-4

Develop flocculent biomass for treating domestic wastewater

1-3

Develop flocculent biomass for treating industrial wastewater

3-5

Provide complete nitrification

3-18

Biological phosphorus removal

2-4

Stabilization of activated sludge

20-40

Degradation of xenobiotic compounds

5-50

B. Design process

SRT range (d)

MLE

7-20

SBR

10-30

Bardenpho (4-stage)

10-20

Oxidation ditch

20-30

Bio-denitroTM

20-40

OrbalTM

10-30

Table 3-1, A. typical minimum SRT ranges for various treatment goals; B. typical SRT
ranges for common N-removal processes (Metcalf and Eddy, Inc., 2004)

SRT is typically controlled in an activated sludge system by adjusting the sludge wasting
rate (QWAS). Because higher SRT values are associated with higher MLSS values and
with increasing rates of nitrification, increasing SRT can affect effluent quality including
effluent ammonia and nitrate concentrations (see Chapter 2 literature review describing
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the nitrification and denitrification processes). Longer SRTs tend to produce higher rates
of denitrification, due to higher MLSS values, with lower rates of sludge production
(Grady, et al., 1999). At higher SRT values, less substrate (electron donor) is needed to
reduce a given concentration of nitrate (electron acceptor).

This is illustrated in Figure 3-1, which shows the ∆S/∆N ratio for various SRT values
from two different bench scale studies (Moore, et al., 1970) and (Engberg, et al., 1975),
where supplemental ethanol was added to completely mixed flow reactors as an electron
acceptor for denitrification.

Figure 3-1, ∆S/∆N ratio in denitrification process for different SRTs; adopted from two
different studies (Moore, et al., 1970) and (Engberg, et al., 1975)
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Equation 3-2 indicates the theoretical relationship between the biomass concentration as
mixed liquor volatile suspended solids (MLVSS) and SRT (Metcalf and Eddy, Inc.,
2004).

(Equation 3-2)

where, X is the biomass concentration (g/m3), τ is the hydraulic retention time (d), Y is
the yield coefficient (gVSS/gCOD), S0 and S are the influent and effluent soluble
substrate concentrations (g COD/m3), respectively, and kd is the endogenous decay
coefficient (g VSS/ g VSS.d). Figure 3-2 shows the theoretical SRT impact on MLVSS,
biomass, and effluent biodegradable soluble COD for a single aerobic reactor activated
sludge system. MLVSS is the sum of biomass and non-biodegradable VSS (nbVSS) in
the bioreactors (Metcalf and Eddy, Inc., 2004).
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Figure 3-2, correlation between MLVSS, biomass concentration, and biodegradable soluble
COD with SRT, (Metcalf and Eddy, Inc., 2004)

Accordingly, higher SRT values elevate the solids loading rates to the final clarifiers.
Energy for operation of the secondary clarifier and pumping of RAS have been estimated
to consume approximately 3.7% of the total plant energy in a typical wastewater
treatment plant using activated sludge process, while the major energy demand in such a
plant is the activated sludge aeration (approximately 55.6% of total plant energy)
(Metcalf and Eddy, Inc., 2004, Figure 3-3). Higher SRT values elevate the MLSS
concentration and so higher aeration rates will be required in the aeration reactors to
compensate for endogenous respiration.
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Figure 3-3, distribution of energy usage in a typical wastewater treatment plant using
activated sludge process, (EPRI, 1994)

Selection of appropriate SRT to address performance and energy objectives is therefore
an important decision made by plant personnel. The objectives of this research were to
find the optimum SRT during different seasons with various ambient temperatures and
influent wastewater characteristics. The research approach was to investigate the effect of
different SRT values on nitrogen removal and energy consumption using the city of

89

Albuquerque Southside Water Reclamation Plant (SWRP) calibrated wastewater
treatment model (BioWinTM).
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3.2 Materials and methods

In the present chapter the SWRP BioWinTM model was used to predict the effects of
different SRT values on nitrate removal and energy efficiency of the SWRP. The model
specifications are summarized in table 3-2. The influent fractions presented in this table
are based on the BioWin model built previously by the CDM Company (Figure 1-5).
Because the calibration effort explained in chapter one showed many differences between
seasons, the model specifications used in this chapter were chosen to remain same as the
CDM calibrated model, however the important effluent components results were included
based on this study’s calibration, too. Using the seasonal calibrated models for the
purpose of this chapter would be a future effort. The different SRT scenarios were solved
through steady-state conditions. It is also important to note that the actual system has
multiple trains and the calibrated model has a single merged train, which includes all
trains.
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Influent
Temperature ْC
Volume (m3)
Depth (m)

20

flow (m3/d)

211980

Anoxic Anoxic Anoxic Swing Swing
1
2
3
1
2
2120
4.6

2135
4.6

3525
4.6

11650
4.6

11600
4.6

Oxic
1

Oxic
2

Oxic
3

18535
4.6

18410
4.6

16560
4.6

Secondary Primary Secondary
clarifiers digesters digesters
52700
4.0

250%
of
influent
100% of
influent

Under flow
DO set point (mgO/L)
Total COD (mgCOD/L)
TKN (mgN/L)
total P (mgP/L)
pH
Alkalinity (mmol/L)
Fbs
Fac
Fxsp
Fus
Fup
Fna
Fnox
Fnus
FupN
Clarifiers’ solids percent removal

NRCY

0.0

0.0

0.0

0.0

0.0

1.0

1.0

2.0

550
46.0
10
7.3
6
0.160
0.150
0.600
0.050
0.260
0.660
0.500
0.020
0.035
99.92%

Table 3-2, BioWin model specification used in the modeling analysis
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32800
7.0

11340
6.1

3.3 Results and discussion

Figure 3-4 shows the model prediction of the plant effluent ammonia and nitrate
concentrations for a range of SRT values, as well as the MLSS and MLVSS for the most
downstream aerobic rector. The results shown in this figure suggest that an SRT value
greater than approximately 7 days is required to achieve appreciable levels of
nitrification, as indicated by NH4+-N values less than approximately 3 mg/L and NO3--N
values less than approximately 7 mg/L for these SRT values. Coincidentally, MLSS
values were near their minimum predicted value (approximately mg/L) at an SRT of 7
days.

In order to see the results differences between the CDM calibration and this study’s
calibration, a little sensitivity analysis was done. Figure 3-5 illustrates some important
effluent components resulted from the CDM fractionation model and this study’s
calibrated fractionation. The only differences between these models were the COD
fractions, where the results were used as inputs to the calibrated model. All of the
calibrated model important effluent components had a same trend with changing SRT as
the CDM model calibration. So inserting the calibrated COD fractions did not affect the
optimum SRT value.
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Figure 3-4, modeling results for effluent nitrate, effluent ammonia, and oxic bioreactors MLSS and MLVSS concentrations for different
SRTs
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Figure 3-5, some important effluent modeling concentrations resulted from the CDM calibration (■) and this study’s model calibration
(lines)
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SRT can affect energy consumption through several different processes. Decreased WAS
rates linked to increasing SRT leads to a small increase in the RAS recycle flow rate
(Figure 2-2), but this effect was small: changing the SRT from 5.1 to 20.5 days increased
the RAS rate by 3%, and so effects on energy for RAS pumping was not further
considered.

Oxygen uptake rates provide an indication of microorganism activity in aerated reactors,
and they directly affect energy demand, as this oxygen must be provided through
aeration. The average total oxygen uptake rate (tOUR) across all reactors increased with
SRT (Figure 3-6). The a steeper rate of tOUR increase as SRT increased from 5 to 7 days
was likely driven by the large increase in nitrification over this SRT range (Figure 3-4).
The primary reason for this was apparently the increasing oxygen consumption related to
endogenous respiration by the increasing biomass concentrations linked to increasing
SRT (Figure 3-4). This phenomenon was reflected in the first two reactors (Oxic 1 and
Oxic 2) with increasing SRT leading to increasing tOUR values. However, in the third
reactor (Oxic 3), tOUR was negatively correlated with SRT at values greater than
approximately 7 days. This was apparently because at these higher SRT values, the
increased biomass and tOUR rates in the Oxic 1 and 2 led to decreased loadings to Oxic
3, and this decrease in the availability of organic carbon led to lower tOUR values in
Oxic 3.
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Figure 3-6, total oxygen uptake rate of the three oxic reactors in a train for different SRTs
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Figure 3-7 illustrates the power consumption in the whole aerated bioreactors, as well as
the methane production from the digesters, which digest the sludge from both primary
and secondary clarifiers. The power consumption increased rapidly to 1850 kW as SRT
increased from 5 to 7 days, and then it increased slowly to about 2070 kW as SRT
increased from 7 to 20 days. As expected, these trends were similar to those predicted for
average tOUR (Figure 3-6). Figure 3-8 indicates the relationship between power
consumption in the aeration basin and tOUR was linear (R2 = 0.9984).

The CH4 production rate increased rapidly from SRT of 5 to 7 and reached to its peak of
about 10500 m3/d at the SRT of 7 days. Unlike power dissipation, the methane
production rate decreased constantly after SRT of 7 days and dropped to lower than 9300
m3/d at around 20 days of SRT.
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Figure 3-7, energy consumption and methane production rates for different SRTs
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Figure 3-8, relationship between power dissipation and average tOUR in the aerated bioreactors
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Figure 3-9 presents the total suspended solids loading to the final clarifiers and Dissolve
Air Flotation Thickening (DAFT) units. As shown in the figure, the minimum loading to
the final clarifiers occurred at around 7 days of SRT (1000 tons/d) and it doubled when
the SRT is increased to 16 days.

The solids loading to the DAFT unit had a general downward trend with increasing SRT.
The slope of this correlation was higher at SRT values less than 7 days than at larger SRT
values. At an SRT value of 7 days, the loading to the DAFT unit was predicted to be 30
tons of suspended solids per day. This amount dropped to about 25 tons/day with an SRT
of 20 days.
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Figure 3-9, solids loading to the final clarifiers and DAFT units for different SRTs
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3.4 Conclusions

A series of BioWin modeling runs were performed to provide a better understanding of
the expected effects of SRT selection on clarifier loadings, effluent performance with
respect to nitrification, and energy consumption. While the results presented herein were
based on BioWin models calibrated by CDM along with this study’s, it should be noted
that other uncertainties remain (as described under “Future Work” below), and so the
results presented herein should be considered illustrative of expected trends, while not
necessarily highly accurate with respect to specific values. Based on the CDM and this
study’s calibrated BioWin model, maintaining a solids retention time (SRT) greater than
7 days is important to achieve nitrification, and operation at higher SRT values may be
necessary meet target effluent limits. However, increasing SRT also led to increased
energy usage for aeration and increase loading to the secondary clarifiers.

Future works: Improvements to model predictions would like be gained through
analysis of energy requirements for the existing blowers, actual oxygen transfer rates, and
calibration of digester and clarifier models. Use of actual wastewater temperatures would
also improve model prediction accuracy, along with the seasonally calibrated model
influent characteristics.
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APPENDIX
1st Run (October 18th – October 25th, 2010)
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2nd Run (January 20th – February 2nd, 2011)
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3rd Run (May 5th – May 17th, 2011)
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4th Run (July 12th – July 25th, 2011)
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Primary influent (PI) and effluent (PE) COD fractions during sampling periods in terms of their percentage with standard deviations
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